The adsorption of the n-alkanes, ranging from butane to dodecane, in the zeolites silicalite and (all silica) mordenite has been studied in the zero coverage limit using computer simulations. The heats of adsorption, Henry coefficients, and distribution of the n-alkanes over the different zeolite channels are calculated. The calculated heats of adsorption are in good agreement with available experimental data. The calculated heats of adsorption in silicalite show a n unexpected alkane length dependence. The incremental heat of adsorption per carbon atom is larger for the longer alkanes than for the shorter alkanes. This observation is attributed to preferential adsorption of the longer alkanes in the straight channels of silicalite. Simulations of this type were made possible through the development of a novel Monte Carlo simulation technique which is orders of magnitude more efficient than the conventional simulation techniques.
I. Introduction
Zeolites are complex crystalline inorganic polymers of cornersharing A104 and Si04 tetrahedra, which form a three-dimensional framework. This framework has characteristic three-dimensional channels which are accessible to various guest molecules. The large internal surface, the high thermal stability, and the presence of acid sites give zeolites the unique properties that make them an important class of catalytic materials for petrochemical applications.' A catalytic reaction inside a zeolite can be divided into three steps: the adsorption and diffusion of the reactants in the zeolite, the catalytic conversion, and the diffusion and desorption of products out of the zeolite. Of course, this gives only a schematic view of the catalytic processes, but it illustrates the importance of a detailed understanding of the adsorption and diffusion of molecules inside a zeolite at a molecular level. Besides their practical importance, zeolites are also of fundamental interest since they are ideal systems to study the effects of confinement on the properties of adsorbed fluids.
Experimentally, it turned out to be extremely difficult to obtain information on the behavior of adsorbed molecules inside a zeolite at a molecular level. Only recently N M R techniques have been used to study the siting2 or diffusion3 of adsorbates in zeolites. Detailed information on the behavior of molecules that are of catalytic importance, such as the larger n-alkanes, however, is not readily available.
Computer simulations, based on accurate intermolecular potentials, would be an ideal method to fill this gap. Indeed, numerous simulation studies on the adsorption and diffusion of molecules inside a zeolite have been published over the last few years (for a recent overview see ref 4) . These simulations are limited to relatively small molecules. For these absorbents experimental data is available and these studies have proven that accurate results can be obtained from simulations. At present, the available simulation techniques are limited, due to CPU time restrictions, to relatively small molecules. For example, June et al.5 used molecular dynamics to study the adsorption and diffusion of butane and hexane in the zeolite silicalite. June et al. pointed 0022-3654 f 9412098-8442W4.50 f 0 out that a reliable simulation of hexane requires in excess of 1 ns of physical time to be simulated and therefore requires tens of hours of supercomputer time. In sharp contrast, for xenon a simulation of several picoseconds would already give reliable information. The long relaxation times of the longer alkanes are caused by the relatively slow diffusion in the channels compared to small spherical atoms6 and shorter a l k a n e~.~J Recently, we have developed a novel method, the so-called configurational-bias Monte Carlo technique, to simulate chain m o l e c u l e~.~J~ In this article, we use this technique to study the adsorption of n-alkanes in zeolites. Whereas previous methods were limited to thevery short alkanes, configurational-bias Monte Carlo can in principle be used for alkanes of arbitrary length.
We continue this article with a description of the models used in this work in section I1 and in section I11 with a description of the configurational-bias Monte Carlo method in the context of simulations in zeolites. Thereafter a detailed comparison with the molecular dynamics results of June et al. is given in section IV. In section V some results on the behavior of the alkanes in various zeolites are discussed. Some preliminary results of this work have been published in ref 11.
Model
The n-alkanes are described with a united-atom model, i.e., CH3 and CH2 groups are considered as single interaction centers. These pseudoatoms in different molecules, or belonging to the same molecule but separated by more than three bonds, interact which each other through a Lennard-Jones potential With these parameters the vapor-liquid phase equilibria of then-alkanescan bedescribed accuratelyovera large temperature range.15
In our calculations, we focus on all-silica zeolites. Following Kiselev and co-workers,l6 the zeolite lattice was assumed to he rigid. Details on the zeolite structures can be found in Table 1 . For alkane adsorption the energetics will be dominated by dispersive interactions. Since the Si atoms are much smaller than the 0 atoms, they have a very small contribution to the energetics and can be ignored in the calculations. In fact, the interactionsof theguest molecules with theSi atomsareimplicitly accounted for in the effective potential for the interactions with the 0 atoms. The dispersive interactions of the 0 atoms of the zeolite with the host molecules are described with a LennardJones potential, eq 1. The parameters used are as follows: for the size parameter VCH,,O = UCH~.O = 3.364 A and for the energy parameter CCH,,O = fCHBO = 83.8 K. The potential is truncated at 13.8 A, and the usual tail corrections have been applied. Note that these parameters for the zeolite-host interactions are almost identical to those of June er 01.' June et al. used molecular dynamics simulations and therefore used a truncated and shifted Lennard-Jonespotential (seesection IV). Thedifferences between these potentials are small.
In principle, these simulations can he performed using a vibrating lattice. Demontiset 01.~' haveshown that fordynamical properties it is of importance to take latticevibrations into account. These vibrations of the zeolite lattice may reduce barriers for diffusion. In this work, we focuson thestatic properties. In fact, since the Monte Carlo approach is used, information on the dynamics would be impossible to obtain directly. For the static properties, it can be expected that a rigid lattice is a less severe assumption, since harriers, which are essential for diffusion, do not contribute significantly to ensemble averages of most static properties. However, it would he worthwhile to make a detailed comparison to investigate this in more detail in the future.
Computational Aspects
Before the configurational-bias Monte Carlo method is described, it is instructive to discuss some of the limitations of the conventional Monte Carlo technique. As mentioned in the Introduction, molecular dynamics can be used to calculate properties for molecules which diffuse sufficiently fast such that a representative part of the zeolite is probed during a simulation. If the diffusion is slow, a much longer simulation is required to obtain reliable results.
In principle, Monte Carlo methods can be used to solve this problem, since in a Monte Carlo simulation one does not have to follow the 'natural path" of the molecules. For example, one can use a Monte Carlo move in which a particle is moved to an arbitrarypositionin thezeolite. Forsmall molecules thisisindeed averyefficient method,hut itdoesnot workfor thelongeralkanes. To illustrate this point consider a typical zeolite in which a successful move of a methane molecule, Le., one which does not result in an overlap withone ofthezeoliteatoms, has a probability of approximately IW3. For ethane this probability will bc of the order of lW, and for the longer alkanes this probability is so small that almost none of the attempted moves will be accepted. Configurational-bias Monte Carlo has been developed to solve problems of this kind. Instead of a random insertion, the alkane is "grown" atom by atom such that overlap with the zeolite atoms isavoided. Thisgrowthintroducesa biaswhichisexactlyremoved by adjusting the acceptance r u l e~.~J~.~~ The configurationalbias Monte Carlo technique has been applied successfully to study self-assembled monolayers19~Z0 and phase equilibria of chain molecules21 and n-alkanes.ls.'Z"3 A. Configurational-BiasMonteCarlo. For systems withstrong intramolecular interactions, it is important to take these interactions into account while generating the trial conformation. The potential energy of a given conformation of an n-alkane has two contributions: (i) The internal potential energy (&) which includes the bond bending and torsion. (ii) The external potential energy (P') which takes into account the intermolecular interactions and those intramolecular interactions which have not been taken into account in the internal part (the nonbonded Lennard-Jones interactions). Note that this division is to some extent arbitrary and can be optimized for a given application. In what will follow, we refer to a chain without external interactions as an ideal chain.
Anew configuration ofa randomly selected alkane isgenerated using the following steps:
1, For the first atom,a random position in thezeoliteisselected; the energy of this atom is calculated up.
2. Forthefollowingatoms,asetofktrialpositionsisgenerated.
We denote these positions by (b) = (bl, bz, ..., br) (see Figure I ).
These positions are distributed on the surface of a sphere. The radius of this sphere is equal to the bond length, and the sphere is centered around the previously inserted atom of the alkane. This set of trial orientations is generated using the internal part of the potential, which result sin the following distribution for the Ith atom:
p,'"'(bi) db, = where , 9 = 1 lksT and Cis a normalization constant which is not important for the simulations (see below). Note that the prohahilitypj"'(bi) depends on which type of atom is being inserted.
For the second atom, the internal potential energy is zero and as a result the trial positions will be randomly distributed. For the third atom, the internal potential energy includes the bond bending, and for the fourth and higher atoms the internal part includes both the bond bending and torsion (in Appendix A some details on the implementation of this step are given). Of each of these trial positions the external energy is calculated with the atoms of the other molecules (of the zeolite and of other alkanes) and with those atoms of the molecule that are already grown (note that this is done only if 1 > 4), upext(bj), and one of these positions is selected with a probability (2) For the following atoms, the external energy is calculated uo,cxt(l) and a set of k-1 trial orientations is generated with a probability given by eq 4. Note that also in this case the probability depends on whether the second, third, fourth, or higher atom is considered. Using this set of orientations and the actual position, we calculated for atom 1 
1=2
Finally, the move is accepted with a probability acc(o -n) = min( 1, Wn/ UP) (10) Note that the factor Wo depends on the way the old configuration is "retraced". The numerical value of WO is different if we start with atom 1 from the value that would be obtained if we start with atom M . As a consequence the probability of such a move depends on the way the factor WO has been calculated. Such a dependency on the way a move is performed is not uncommon in a Monte Carlo simulation. For example,24 consider as a Monte Carlo move the rotation of a molecule around an arbitrary axis. We can perform this Monte Carlo move in two (separate) rotations, and after the first rotation we decide by acceptance/rejection whether to continue with the next rotation. We have the option to perform first a rotation around the x-axis followed by one around they-axis, or first around the y-axis then around the x-axis. In general, the probability that we accept this combined move will depend on the way (first the x-axis or first the y-axis) we have performed the move. Although such a dependency is at first sight counterintuitive both schemes are correct in the sense that they both lead to desired distribution of configurations. Similarly in the configurational-bias Monte Carlo scheme, both ways-starting with atom 1 or atom M-result in the correct distribution of states, as long as both ways occur with equal probability during the simulation. Note that in the case of alkanes the labeling of the terminal groups is completely arbitrary, and therefore it is automatically guaranteed that both ways occur with equal probability during the simulation.
In Appendix B it is shown that acceptance rule (10) indeed removes the bias of the growing process.
An important advantage of the above scheme is that during the insertion step information on the chemical potential can be obtained. It can be shown that the difference of the chemical potential of a chain inside a zeolite and an ideal chain (only having internal interactions) is given by
where in which k is the number of trial orientations in theconfigurationalbias Monte Carlo scheme. The subscript IC is used to indicate an ideal chain. The chemical potential of thermodynamic interest is the excess chemical potential ( p e x ) which is defined as the difference in chemical potential of the interacting alkane and an alkane in the ideal gas state (denoted by subscript IG)
/ I I G~~~ can be estimated from a simulation of one alkane molecule in the ideal gas state using
P
From the chemical potentials the Henry coefficient can be calculated using A separate simulation of an alkane molecule in the ideal gas phase is also necessary to calculate the heat of adsorption. Wood et aL25 have shown that in the limit of zero coverage of the zeolite, the heat of adsorption can be calculated using
where ( Ua)1o is the ensemble average of the total energy of an alkane in the ideal gas state.
B. Simulation Details. The simulations were performed in cycles. Each cycle consists of randomly selected attempts to displace a molecule, to rotate a molecule, to regrow part of the molecule, or to regrow the entire molecule. For the latter two moves the configurational-bias technique has been used. In the displacement step, one of the alkanes is selected at random and given a (small) random displacement. The maximum displacement is chosen such that 50% of the attempts are accepted. The rotation step consists of a small rotation of a randomly selected moleculearound thespace-fixed axes frame.26 Thecenter of the rotation is one of the atoms in the middle of the alkane, and the maximum rotation is also chosen such that 50% of the attempts are accepted.
If a randomly chosen molecule of Matoms is partially regrown, one of the atoms i E [2, M -11 is randomly selected and it is decided whether to regrow the head or the tail. If the tail is regrown, the algorithm described in the previous section is used to regrow atoms i-M, if the head is regrown, the atoms 1-i are considered. Note that in this case the first or last atoms of the alkane never change position. This move is very efficient in changing the conformation of an alkane. If a randomly selected molecule is entirely regrown, all atoms will get a new position. During this step we collect data to calculate the Henry coefficient. All simulations of the alkanes in zeolites were performed using periodic boundary conditions. Due to the efficiency of the configurational-bias Monte Carlo moves, equilibrium was already reached after 10-100 Monte Carlo cycles.
To calculate the heat of adsorption and Henry coefficient a separate simulation of the alkane in the ideal gas state is required. In the ideal gas state, a single alkane molecule in an infinitely large simulation box is considered. Because in such a system translation and rotation do not generate new conformations, only configurational-bias Monte Carlo moves were performed. These moves involve regrowing part of the molecule or regrowing the entire molecule.
In our model, the zeolite is assumed to be a rigid lattice.
Therefore, the potential energy at a given point inside the zeolite can be calculated a priori and can be used during the simulation.
If this is done on a grid, the potential energy a t an arbritrary point can be estimated from interp0lation.2~ Becausein this work the Monte Carlo method is used exclusively, only the energy has to be calculated with sufficient accuracy (for molecular dynamics the derivatives of the energy have to be accurate as well). A high accuracy of the energy could be obtained using successive polynomial interpolations.28 Using this interpolation method with a grid size of 0.18-0.1 1 A a gain in CPU time of a factor of 100-300 could be obtained with an overall error of less than 0.4% in the energy.
IV. Comparison with Molecular Dynamics Simulations
To test our simulation technique, a detailed comparison with the molecular dynamics simulations of June et al. 5 where & is the dihedral angle. The parameters are.co = 11 16 K, c1 = 1462 K, c2 = -1578 K, c3 = -368 K, c4 = 3156 K, and c5 = -3788 K. The nonbonded interactions are described with a truncated and shifted Lennard-Jones potential. The interactions between the CH2 and CH3 groups are assumed to be identical (U = 3.923 A and e = 72 K). The potential is truncated at 13 A. The interactions of the alkanes with the zeolites are identical to the ones introduced in the previous section.
A. Energetics. Using the Monte Carlo method as described in the previous section, simulations of butane and hexane in silicalite have been performed using identical systems and models as in the molecular dynamics simulations of June et U I .~ In Table   2 the average energies are compared showing that the agreement between the two methods is excellent.
In Table 3 the results for the isosteric heat of adsorption and the Henry coefficient are compared. The results for the isosteric heat of adsorption and the Henry coefficient agree less than one would expect on the basis of the results of Table 2 
where r denotes the position of the atoms of an alkane molecule,
Ma is the molecular mass of the adsorbate, pz the density of the zeolite, and Na Avogadro's number. The subscript IG indicates that the interactions are those of an alkane in the ideal gas state. Table  4 suggest that at least part of the differences may be attributed to this.
The consistency of the results can also be tested via a thermodynamic relation which, in the limit of zero coverage, links the Henry coefficient to the heat of adsorption via
In Figure 2 the Henry constant of butane in silicalite, as calculated using eq 15, is shown as a function of the reciprocal temperature. If we assume that the isosteric heat of adsorption is constant in this temperature range, eq 19 can be used to fit the data. The resulting heat of adsorption is qst = 46.0 f 0.4 kJ/mol. This result is in perfect agreement with a direct calculation of the heat of adsorption at T = 400 K which gave 46.1 f 0.2 kJ/mol.
From the above comparison, we conclude that the agreement of our calculations with the molecular dynamics results of June et al. is very good. Only for the Henry coefficients, which were not calculated using molecular dynamics by June et al., is the agreement less than satisfactory. A complete explanation of these differences could not be obtained. However, several tests have been applied successfully to check the consistency of our calculations of the Henry coefficient. Based on these tests we conclude that our method indeed yields reliable results.
B. Efficiency. It is instructive to compare the efficiency of molecular dynamics with our Monte Carlo simulations. At this point it is important to note that Monte Carlo can only yield static properties; if one is interested in dynamics, Monte Carlo cannot be used and one has to rely on molecular dynamics simulations.
An important question in computer simulations is whether they have been continued sufficiently long. For an alkane in a zeolite Juneet al. showed that the slowest relaxation is thediffusion of the molecules from one channel into another. For example, hexane has to undergo conformational changes (involving multiple crossings of the trans/gauche barrier) while passing from a straight channel into a zigzag channel. June et al. observed that this relaxation time is of the order of 500 ps. This implies that a reliable simulation, Le., one which would ideally span at least 10 relaxation times,I2 should extend over at least 1000-5000 ps. Since this requires 10-50 h of Cray (Y-MP/864) time, it can be understood that alkanes larger than hexane are extremely costly to study using the molecular dynamics technique.
The pores of the zeolite impose an orientation on the molecule (see section V for details). The orientation of the end to end vector can therefore be used to monitor the diffusion of the alkanes.5 June et al. used the first Legendre polynomial to characterize the correlations. In a Monte Carlo simulation, however, Pl(t) would rapidly approach zero by relabeling of the atoms (Le., changing the head and tail). Note that in a molecular dynamics simulation such a move would take many time steps since the molecule has to diffuse out of the channel, rotate, and come back again. In a Monte Carlo study it is therefore more appropriate to monitor the second-order Legendre polynomial P2(0
where R is the normalized end to end vector. Note that if the molecules align P2(m) = 1, if the molecules are randomly distributed P2(=) = 0, and if the molecules are on average perpendicular P2(=) = -0.5. If we assume that the molecules are perpendicular to each other in the two different channels and that the contribution of the intersection is negligible, P2(=) can wherep,,, is the probability that a molecule is in a straight channel. The equilibrium distribution over the channels in silicalite is given in Table 5 . In Figure 3 , the orientation correlation functions of butane, hexane, and dodecane are shown. From Figure 3 it follows that the correlation decay "time" for butane is of the order of 100 Monte Carlo cycles, for hexane 300 cycles, and for dodecane 3000 cycles. A reliable simulation would therefore require at least 5-1 0 relaxation times, Le., 3000 cycles for hexane. Note that it took June et al. 50 h of Cray (Y-MP/ 864) time to simulate only 2 relaxation times. In our program, 3000 Monte Carlo cycles take 2-6 min on a workstation (Silicon Graphics, Personal Iris).32 This significant increase in efficiency allows us to study the adsorption of the longer alkanes in various zeolites.
V. Adsorption of ,Alkanes
We have used the configurational-bias Monte Carlo technique to study the adsorption of C. &2 in various zeolites. The details of the zeolite structures are shown in Table 1 . The simulations are performed in the limit of infinite low coverage, i.e., one alkane molecule. Some details of the simulations are given in Table 6 .
In Table 7 the calculated heats of adsorption and Henry coefficients of the alkanes in various zeolites are presented. The values in the ideal gas state, which are required to calculate the heats of adsorption and Henry coefficients (see eqs 15 and 16), are presented as well.
A. Silicalite. The heats of adsorption of the various n-alkanes in silicalite and ZSM5 have been determined experimentally using calorimetry,33-39 from adsorption isotherms,34,39-46 or using gas ~h r o m a t o g r a p h y .~~,~~ In Table 8 , some of the experimental data for silicalite and ZSM5 with a high Si/A1 ratio are compiled. Although some scatter of the experimental data as obtained from the various techniques exists, the overall consistency is good. The data that are used in the comparison with the simulation results are also shown in Table 8 .
In Figure 4 , the calculated heats of adsorption of the alkanes in silicalite are compared with the experimental data. The chain length dependence of the Henry coefficient is shown in Figure  5 . Dubinin et al. 38 showed, using experimental data of c2-c5, that the heat of adsorption increases with 10.0 kJ/mol per CH2 group. This is in good agreement with our calculations which give an increase of 11 kJ/mol per CH2 group. Interestingly, we observe a change in slope for the longer alkanes. For alkanes longer than heptane we observe an increase of 13 kJ/mol per CH2 group. This change in slope turned out to have a simple molecular explanation. Figure 6 shows a schematic picture of the silicalite structure. The zeolite structure has of two sets of pores, one that forms the straight channels which are parallel to the y-axis and the zigzag channels which are parallel to the x-axis. As mentioned in the previous section, the channels of silicalite impose an orientation of the alkane molecule, which can be analyzed by calculating the orientation ofthe end toendvector of the alkane. If theorientation of the end to end vector is parallel to the x-axis, the molecule is located in the zigzag channel; if it is parallel to the y-axis the molecule is in the straight channel, and otherwise the molecule is in the intersection. The distribution of the various alkanes over the straight channel, zigzag channel, and intersection as a function of carbon number is shown in Figure 7 . For the short alkanes, the probability of being in the zigzag channel is nearly equal to the probability of being in the straight channel. For the larger alkanes (>C,), the straight channel is favored above the zigzag channel. This is also illustrated in Figure 8 . These figures show a distribution of the alkanes over the various channels. At regular intervals during the simulations, the end to end vector of the alkane molecule is calculated and depending on its orientation a color is selected: blue for the intersection, gray for the zigzag channel, and magenta for the straight channel. Next the middle of the bond between the two middle atoms is determined, and a dot in the selected color is drawn. The figures demonstrate that the selection of channels by the orientation of the end to end vector characterizes the location of the alkane correctly. The density of the dots is a measure of the probability of finding an alkane in a particular section of the zeolite. These graphs show that during the simulation all parts of the zeolites have been visited. This is important evidence that the simulations are reliable. It is interesting to compare the probability distribution of butane, Figure 8 (top) with the one of decane Figure 8 (bottom) . Whereas the plots of butane show an equal density of points in the straight and zigzag channels, decane has a significantly lower probability to be in the zigzag channels. In a sense, silicalite becomes more and more "unidimensional" with increasing length of the hydrocarbon.
It is interesting to investigate the conformations of the alkanes in the various channels of silicalite in more detail. The alkane conformations were analyzed at intervals of 50 Monte Carlo cycles. The total number of analyzed configurations was 20 000. In Figures 9 and 10 , the distribution of dihedral angles is shown for butane and dodecane, respectively. They are subdivided depending on the section of the zeolite the molecule was located in. The symmetry of the curves indicates that the simulations were reliable. For dodecane the probability of finding a molecule in the intersection is small, and therefore the distribution of the dihedral angles in these sections of the zeolite show more scatter than the ones for the straight channels.
For butane, thedistributionsofthedihedralangle in thestraight and zigzag channels are nearly identical. Most of the bonds are in the trans configurations. In the intersection the number of trans bonds is larger than the number of gauche bonds, but compared to the zigzag and straight channel the number of gauche bonds is larger. The channels with a diameter of e 5 . 5 A favor the linear all-trans form of butane. In the intersection, with a diameter of =9 A, the molecules have more space and can have more gauche bonds. For dodecane ( Figure 10 ) the average number of gauche bonds along the chain in the straight channels is much smaller than that in the zigzag channels and intersection.
In Table 9 , the conformations of the molecules are expressed in terms of the percentage of all-trans conformers. If an alkane is in the all-trans state, the molecule is perfectly linear. A gauche bond causes a deviation of this linear conformation. In a liquid alkane one expects the occurrence of a gauche bond with a certain probability. As a result, the percentage of all-trans chains decreases with increasing carbon number. The confinement of molecules in a zeolite changes this trenddrastically. In thestraight channels of silicalite, the number of trans conformers decreases with carbon number for the short chains as in the liquid phase.
However, for the larger alkanes, starting with octane, the number of all-trans conformations increases with increasing carbon number. Apparently, a deviation of the linear conformation makes it increasingly difficult to fit into the channel. In Figure 11 , the probability of a gauche bond as a function of the carbonxarbon bond is plotted. This figure shows that if a dodecane molecule has a gauche bond it is more likely to be at the end or beginning of the chain.
For the zigzag channels a different trend is observed. The number of all-trans conformations decreases continuously with carbon number. For the long alkanes most of the conformations in the zigzag channel will have at least one gauche defect. These gauche bonds occur with the same probability for every bond.
In the intersection, it is impossible to accommodate an alkane longer than octane in the all-trans state, and therefore most of the chains will have several gauche bonds (for example, for decane 36% of the molecules have 3 or more gauche bonds and for dodecane 23% of the molecules have more than 3 gauche bonds). In the intersections the larger alkanes will be in a hightly "coiled" state.
The distribution of the linear alkanes over the various channels is of importance to understand the details of adsorption and diffusion in silicalite. At present, there is no consensus in the literature on the distribution of the linear alkanes over thevarious channels. To interpret the experimental adsorption isotherms Jacobs et u I .~~ assumed that for c3-C~ there is no preferential adsorption, that Cs-Cs favor the straight channels, and that for C9-Clo the zigzag channels are the preferred sites. Car0 et a1. 50 found the diffusion of short alkanes to be consistent with a model in which the alkanes preferentially adsorb in the intersections. Richards and Rees45 explained adsorption isotherms assuming that the longer alkanes prefer the zigzag channels. All these studies agree on preferential adsorption of alkanes taking place n-Alkanes in Zeolites
The Journal of Physical Chemistry. Yo/. 98, No. 34, 1994 8449 Figure 8 . Distribution of butane (top) and dodecane (bottom) over the various channels of silicalite. At regular intervals during the simulations, the end to end vector of the alkane molecule is calculated and depending on its orientation a color is selected-blue far the intersection, gray for the zigzag channel, and magenta for the straight channel-and a dot in the selected color is drawn at the pition of the center of mass of the molecule. The density of the dots is a measure of the probability of finding an alkane in a particular section of the zeolite. The left figures are projections on the x-z plane, and the right figures projections on the y-z plane (see Figure 6) . but disagree on which sites are favored by which alkanes. In contrast to this, T h a m d 3 concluded that his microcalorimetry experiments were consistent with a model without any preferential adsorption.
The siting of alkanes has also been studied using computer simulations. Also these studies did not yield a consistent picture. Titiloye et a/.51 used energy minimization techniques to identify the positions of lowest energy. From these studies, Titiloye et al. concluded that the alkanes prefer the intersections and that the zigzag channels provide a less favorable energy than the straight channels. Note that the energy minimization technique assumes T = 0 K, and therefore the entropy of the alkanes was ignored.
Molecular dynamics simulations-which do take entropy into acwunt correctly-have been performed by June et a1. 5 and Nicholas et a1. 52 June et 01. 5 showed that C, and Cs are equally likely to be found in the zigzag and straight channels and less likely to be in the intersection. The molecular dynamics simulations of C3 by Nicholas ez aI.52 showed a preferential adsorption in the zigzagchannels. In summary, the issueof siting ofhydrocarbonsinsilicalitemust beregardedasfarfromresolved.
We can use our simulations to shed some light on the apparent confusion about thesitingofthen-alkanes. For theshort alkanes our data are in perfect agreement with the simulations of June et al.,5 Le., the straight and zigzag channel are equally likely and preferred above the intersections. For the larger alkanes, however, the analysis of the conformations shows that alkanes longer than octane need to have conformational defects to fit into the zigzag channels. Furthermore, the molecules have to be partly in the intersections because the length of the zigzag channel is about equal to or shorter than the length of the alkane. Apparently this is an unfavorable situation, and hence the longer molecules prefer the straight channels.
The energetics of hydrocarbon adsorption in the various channels is different. Therefore this preferential adsorption will influence the heats of adsorption which is found back in the observed change in slope of the calculated heats of adsorption as a function of carbon number (see Figure 4) .
B. Mordenite. In Figure 12 , the heats of adsorption of the Figure 13 . Definition of the bond length r, bond angle 8, and torsional angle qi alkanes in mordenite are presented. The heat of adsorption increases by 9.3 kJ/mol per CH;, group. The heat of adsorption of a given alkane in mordenite is smaller than that in silicalite, as can be expected from the difference in pore size. Mordenite has wider pores (7 A) than silicalite (5.5 A), and therefore an alkane adsorbed in silicalite has more interactions with the walls. 53 We have not found experimental data to compare our results to.
VI. Concluding Remarks
In this article, it is shown that the configurational-bias Monte Carlo method can be used to study the adsorption of the n-alkanes in various zeolites. Whereas conventional methods are limited to the short alkanes, this method allows us to simulate the adsorption of alkanes ranging from Cq to C12.
The calculated heats of adsorption for the small alkanes (C4-CS) in silicalite are found to be in very good agreement with experimental data. In addition, the simulations predict that the heats of adsorption of the alkanes in silicalite depend on the chain length. It would be interesting to verify these predictions experimentally.
In the future, we plan to extend this work to different types of hydrocarbons such as branched alkanes or alkenes and to mixtures. In addition, we will combine the configurational-bias Monte Carlo method with the grand-canonical ensemble. This will allow the calculation of adsorption isotherms of mixtures of hydrocarbons in arbitrary zeolites.
Appendix A: Generation of Trial Orientations
In this appendix, it is shown how the trial orientations in the configurational-bias Monte Carlo scheme are generated.
Let us first consider the general case with flexible bond length, bond bending, and torsion. The probability that we generate a trial configuration b is given by
where C is a normalization constant which is defined by
Note that in the configurational-bias Monte Carlo scheme we do not have to calculate this constant.
n-Alkanes in Zeolites
It is convenient to represent the position of a atom using the bond length r, bond angle 0, and torsional angle 4 (see Figure   13 ). With these coordinates the volume element db is given by db = r2 cos(0) d r d0 d$
('43)
The internal energy is the sum of the bond vibration potential, the bond-bending potential, and the torsion potential: In our simulations we have used an alkane model with fixed bond length, and therefore in our case the first term in eq A5 is a constant. For the second carbon atom there are no internal interactions other than the constraints of the bond length. The distribution of trial orientations, eq 4 reduces to
Hence, the trial orientations are randomly distributed on the surface of a sphere. The algorithm that we have used for generating random vectors on the surface of a sphere is described in ref 12.
For the third atom, the internal energy contains the bondbending energy as well. This gives for the distribution of trial orientations
where uknding(0) is given by eq 2. To generate k trial orientations that are distributed according to eq A7, we generate again a random vector on a unit sphere and determine the angle 0. This vector is accepted with a probability exp[-@uanding(0)]. If rejected, this procedure is repeated until a value of 0 has been accepted. In ref 28 it is shown that this acceptance/rejection method indeed gives a distribution of trial orientations given by eq A7. Note that the term cos 0 is taken into account by generating a random vector on a sphere. In this way, k (or k -1 for the case of the old conformation) trial orientations are generated. An alternative scheme would be to generate the angle 0
uniformly (E [O,T])
and to calculate the bond-bending energy corresponding to this angle. This angle 0 is accepted with a probability cos(0) exp[-puknding(0)]. If rejected, this procedure is repeated until a value of 0 has been accepted. The selected value of 0 is supplemented with a randomly selected angle 4.
These two angles determine a new trial orientation. For the fourth and higher carbon atoms, the internal energy includes both bond-bending and torsion energy. This gives for eq 4 p/int(b) db a exp[-@u,nding(e)l exp[-putorsion($)l cos(0) d0 d$ (AS) in which utorsion(4) is the torsion potential given by eq 3. We again generate a random vector on a sphere and calculate the bond-bending angle 0 and torsion angle 4. These angles are accepted with a probability exp{-@[uanding(0) + utorsion(~)]). If these angles are rejected, new vectors are generated until one gets accepted.
Again the alternative scheme would be first to determine a bond-bending angle 0 by generating 0 uniformly on [O,T] and calculating the bond-bending energy corresponding to this angle. This angle 0 is then accepted with a probability cos(0) exp[-Puknding(0)]. This procedure is continued until we The Journal of Physical Chemistry, Vol. 98, No. 34, 1994 8451 have accepted an angle. Next we generate a torsion angle randomly on [0,2a] and accept this angle with a probability exp[-@utOrsi,,(@)], again repeating this until a value has been accepted. In this scheme the bond angle and torsion angle are generated independently, which can be an advantage in cases where the corresponding potentials are sharply peaked.
Appendix B Proof of Correctness Sampling Scheme
To prove that the sampling scheme used in this work is correct, Le., a Boltzmann distribution of configurations is generated, we have to show that detailed balance is obeyed. Detailed balance implies that the rate of transformations from states o to states n equals the reverse, or
031) The rate of transformations from o to n is the product of the probability of being in state 0, the probability of generating configuration n, and the acceptance of the move, or
In case of a Boltzmann distribution, the probability of being in state o is given by N ( o ) a exp(-pu") (B3) Metropolis Monte Carlo. It is instructive first to consider the ordinary metropolis Monte Carlo scheme. In this scheme a new configuration is generated by inserting a molecule at a random position with a random orientation. Hence, the probability of generating a particular configuration is equal for all configurations, and therefore the probability of generating configuration n is equal to the probability of generating configuration 0: Configurational-Bias Monte Carlo. In contrast to the Metropolis scheme, in the configurational-bias Monte Carlo scheme the probability of generating a particular configuration is different for each configuration. Therefore eq B4 is not valid and should be replaced. The probability of generating configuration n is for each atom (except the first) the probability that we generate a particular trial direction (4) times the probability of selecting this direction ( S ) ,
M
The total energy of an alkane can be written as the sum of the internal and external energy:
The internal energy is taken into account in the generation of the trial orientations, viz., eq 4 and the external interactions in the selection of a trial orientation, viz., eq 5 , which gives for eq B7 Since eq 10 satisfies this condition, we have demonstrated that the above scheme obeys detailed balance, and hence conformations are generated with the correct (Boltzmann) weight.54 Note that the normalization constant C introduced in eq 4 cancels in eq B11, and its numerical value is therefore not important in the configurational-bias Monte Carlo scheme.
